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ABSTRACT
The recent detection of phosphine in the atmosphere of Venus has reignited interest in the possibility
of life aloft in this environment. If the cloud decks of Venus are indeed an abode of life, it should
reside in the “habitable zone” between ∼50 to ∼60 km altitude, roughly coincident with the middle
cloud deck, where the temperature and pressure (but not the atmospheric composition) are similar
to conditions at the Earth’s surface. We outline a precursor astrobiological mission to search for
such putative lifeforms in situ with instrument balloons, which could be delivered to Venus via
launch opportunities in 2022-2023. This mission would collect aerosol and dust samples on small
balloons floating in the Venusian cloud deck and directly scrutinize whether they include any apparent
biological materials and, if so, their shapes, sizes and motility. Our balloon mission would also
be equipped with a miniature mass spectrometer that ought to permit the detection of complex
organic molecules. The mission is augmented by contextual cameras that will be used to search
for macroscopic signs of life in the Venusian atmospheric habitable zone. Finally, mass and power
constraints permitting, radio interferometric determinations of the motion of the balloons in Venusian
winds, together with in situ temperature and pressure measurements, will provide valuable insight
into the poorly understood meteorology of the middle cloud region.
1. INTRODUCTION
As the surface temperature of Venus is over 460 ◦C,
it is too extreme to permit the existence of life-as-we-
know-it (Cockell 2020). However, if one considers the
lower cloud layer of Venus at a height of ∼ 50 km above
the surface, both the temperature (∼ 60 ◦C) and pres-
sure (∼ 1 atm) become relatively clement (Limaye et al.
2018). This crucial fact led to pioneering proposals in
the 1960s that the clouds of life might be capable of
harboring life (Sagan 1961; Morowitz & Sagan 1967).
A number of studies have subsequently been under-
taken to assess the plausibility of an aerial biosphere on
Venus. Data from observations revealed the presence of
an unknown ultraviolet (UV) absorber, which was spec-
ulated to be indicative of biological activity (Grinspoon
1997; Grinspoon & Bullock 2007). This region exhibits
several promising features including sulfur aerosols for
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protection against UV damage, presence of liquid water
and nutrients, and shielding against high-energy parti-
cles (Schulze-Makuch et al. 2004; Dartnell et al. 2015;
Limaye et al. 2018; Seager et al. 2021). Yet, on the other
hand, there are significant challenges that confront pu-
tative Venusian biota, such as the highly acidic environ-
ment due to the presence of sulfuric acid (Cockell 1999).
However, the aforementioned studies were constrained
to be theoretical in nature. The field of Venusian astro-
biology came to the forefront once again thanks to the
reported 15σ detection of phosphine at a concentration
of∼ 20 ppb in the Venusian cloud decks by Greaves et al.
(2020). This discovery is significant because the produc-
tion of phosphine on Earth almost exclusively entails bi-
ological or anthropogenic processes, and it is therefore
viewed as a biosignature gas (Sousa-Silva et al. 2020). It
was argued that the observed abundance of phosphine
could not be explained by any known abiotic process
(Bains et al. 2020), implying that either novel (and un-
known) abiotic mechanisms or metabolic pathways are
involved. However, distinguishing between these two hy-
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2potheses is not easy, even assuming that additional data
is collected and sophisticated models are developed.
The most unambiguous method for resolving this is-
sue is to send spacecraft to Venus and carry out on-site
measurements and experiments of its cloud layers. This
point was underscored by Greaves et al. (2020), who
stated that: “Ultimately, a solution could come from
revisiting Venus for in situ measurements or aerosol re-
turn.” The question, however, in this case is: what
types of biomarkers are most indicative of life? Natu-
rally, this issue has attracted much debate, and many
different types of biosignatures have been expounded
(Summons et al. 2008; Chan et al. 2019).
We describe two broad examples, as they pertain to
this work. First, in the context of organic molecules,
prospective biomarkers include: polymers comprising
amino acids or nucleotides, enantiomeric excess of chi-
ral amino acids and sugars, and overabundance of high-
mass amino acids and other biochemical building blocks
(Neveu et al. 2020). Second, at the level of organ-
isms, the manifestation of cell-like morphological struc-
tures, motility, and biofabrics are believed to constitute
promising indicators of life (Nadeau et al. 2016).
The outline of the Letter is as follows. We outline and
discuss the science objectives in Section 2, followed by
a description of the mission architecture and stages in
Sections 3 and 4, respectively. We conclude with a sum-
mary of our findings in Section 5, while the Appendices
provide further technical information.
2. SCIENCE OBJECTIVES AND INSTRUMENTS
The science objectives of the mission are:
• Objective 1: collect aerosol and dust samples, and
determine the shape, size, and motility of putative
microorganisms (if they exist).
• Objective 2: search for macroscopic signs of life,
potentially analogous to Jovian lifeforms envi-
sioned by Sagan & Salpeter (1976).
• Objective 3: search for complex organic com-
pounds, especially polymers composed of amino
acids, nucleotides and repeating charges.
• Objective 4 (optional): to better understand the
meteorological dynamics, including zonal winds
and ground-linked gravity waves, of the possible
Venusian habitable zone that is the target of our
balloon fleet.
The instrumentation for the science objectives com-
prises the following elements:
• A combined collection plate on which the aerosols
and dust particles are collected, petri dish - with
the caveat that the hypothesized microbes may not
be culturable - and mini-microscopes, including a
light source (Objective 1).
• A camera to take images of the Venusian atmo-
sphere (Objective 2).
• A miniature mass spectrometer (MS) equipped
with a separation stage that permits the identifi-
cation of complex organics (Objective 3). In prin-
ciple, the MS would also permit the characteri-
zation of inorganic compounds in the atmosphere
arising from either abiotic processes or potentially
metabolic pathways.
• Very Long Baseline Interferometry (VLBI) obser-
vations of radio emissions of each balloon together
with supporting set of meteorological instruments
(Objective 4). As this objective is not geared to-
ward the search for life, and as the Vega balloon
mission conducted similar observations Sagdeyev
et al. (1992), these measurements will not be dis-
cussed further here.
We will begin by tackling Objectives 1 and 2. Ghosh
et al. (2011) presented a fluorescence microscope with
a resolution down to 1.5 µm and a mass of 1.9 gram.
A microscope with this resolution may be sufficient to
detect microbes. Another example is the Miniscope V4,
with a mass of 2.6 gram and a resolution in the µm
range. Other open source designs such as FinchScope,
UCLA Scope, CHEndoscope exist with masses between
1.8 and 4.5 gram (Aharoni & Hoogland 2019). In tan-
dem, miniaturized collection plates and petri dishes have
been described in the literature. For example, Ingham
et al. (2007) present a 36 × 8 mm petri dish in a chip
with micron-scale compartments. One caveat is that mi-
croscopy techniques are usually sensitive to environmen-
tal fluctuations (Nadeau et al. 2016), and this drawback
needs to be properly investigated and addressed.
Gram-scale and even sub gram-scale miniaturized
cameras are available off-the-shelf for various applica-
tions. An example for a small-scale, flight-proven cam-
era is the borescope camera on board the Visual Inspec-
tion Poseable Invertebrate Robot (VIPIR) with a diam-
eter of 1.2 mm and a 224 x 224 pixel resolution and an
integrated light source for illumination.1 A megapixel
cameras of mass ∼ 0.25 kg was employed by the Mars
Curiosity rover,2 but smaller such cameras are realiz-
able. We estimate that the total mass of scientific in-
strumentation for the first two objectives can be kept
to ∼ 0.1 kg, and that they are operable at peak power
levels below 1 W after taking the power requirements of
the individual components into account.
In contrast to Objectives 1 and 2, Objective 3 entails
a larger payload. For instance, the miniature MS de-
scribed in Yang et al. (2008) has a mass of ∼ 1.5 kg and
a power consumption of 5 W, but it is mostly suitable
1 https://nexis.gsfc.nasa.gov/rrm phase2vipir.html
2 https://mars.nasa.gov/msl/spacecraft/rover/cameras/
3for detecting organic gases at ppm concentrations. At
a higher mass of 3.2 kg (sans batteries) and a power
consumption of 35 W, the tandem MS fabricated by
Gao et al. (2008) was shown to possess the capacity to
detect proteins (or other macroscopic biomolecules) at
ppb concentrations. Current technology has illustrated
that liquid chromatographymass spectrometry of mass
5 kg and power consumption of 3 W is capable of iden-
tifying amino acid enantiomers and other biomolecular
building blocks (Grinias & Kennedy 2016). Thus, when
viewed collectively, it is likely that the MS would be
a few kg and require a power expenditure of order 10
W (cf. Snyder et al. 2016). However, further research
is necessary to gauge whether current MS designs are
capable of functioning in the environs of the Venusian
atmosphere at the requisite efficiency.
3. PRECURSOR VENUS BALLOON MISSION
ARCHITECTURE
Our objective is to identify a mission architecture,
which can be developed at minimal mass and launched
as quickly as possible, but is nevertheless capable of re-
turning a significant amount of in situ data from the
Venusian cloud decks. We will report the details of one
such architecture, without claiming optimality.
Many concepts for probing the Venus atmosphere
have been proposed, such as various types of balloons,
paragliders, kites, fold-out wing gliders, solar powered
aircraft and airships (Dorrington 2010). We focus on
balloons, as they were already successfully operated
within the Venus atmosphere and have withstood ex-
tensive scrutiny. Venus balloons were previously em-
ployed during the Vega 1/2 program with a total bal-
loon mass of 21.5 kg (Sagdeev et al. 1986); however,
a point of difference is that the entry probe also com-
prised a lander. Several Venus balloon studies have been
subsequently conducted, such as the European Space
Agency’s European Venus Explorer concept (Chassefie`re
et al. 2009). An overview of balloon investigations is
presented in Dorrington (2010, their Table 1). Current
challenges for Venus missions are summarized in Glaze
et al. (2018), with key obstacles including atmospheric
entry with complex deployment and demonstration that
sufficient power can be generated.
We will describe two different types of balloon probes
that could be put into operation in the mission, with a
certain degree of redundancy built in. Figure 1 depicts
the balloon fleet in the Venusian atmosphere.
3.1. Category 1 probes
What we label the Category 1 probes are intended to
theoretically fulfill Objectives 1 and 2. These probes
comprise not only the scientific payload but also a num-
ber of other key subsystems such as communications,
power, harness, balloon (with fuel) and parachute. The
breakdown of the various mass is delineated in Appendix
A.1, where it is determined that each probe may neces-
sitate a total mass of Mt1 ∼ 1.7 kg.
There are two key points that merit further discussion.
First, it was estimated in Appendix A.1 that a data rate
to Earth of ∼ 103 bps to Earth is not unreasonable over
a time span of ∆t ∼ 48 h. In other words, over this du-
ration, the transfer of ∼ 20 MB is potentially realizable.
If we consider the camera associated with VIPIR from
Section 2 as an example, and utilize a conversion factor
of 3 bytes per pixel, it would be possible to transmit a
total of ∼ 140 such images per each Category 1 probe.
At higher resolution, however, fewer images are trans-
mittable to Earth. This data limitation is inexorable
when it comes to small spacecraft like Cubesats (Selva
& Krejci 2012; Poghosyan & Golkar 2017).
Second, we ask ourselves how many microbes might be
collected over ∆t. To do this, we need an estimate for
the biomass number density nbio, which remains highly
indeterminate. However, for the sake of argument, we
consider the upper bound of ρbio ∼ 10−7 g m−3 derived
in Lingam & Loeb (2020) for phospine-centric pathways.
If we choose a characteristic size of ∼ 1 µm and a mass
of ∼ 10−12 g for the microbes (Milo & Phillips 2016),
we obtain nbio ∼ 105 m−3. If these microbes possess
a settling velocity of v¯, then the amount of microbes
Nm collected over the area A is Nm ∼ nbiov¯A∆t. We
choose v¯ ∼ 10−3 m/s based on the estimate for 1 µm
aerosols (Junge et al. 1961, pg. 2178). Note that the
mass of Category 1 probes is roughly equivalent to that
of a standard Cubesat with cross-sectional area of 10 cm
by 10 cm (Selva & Krejci 2012), of which ∼ 1% can be
set aside for microbe collection; moreover, the resultant
area of A ∼ 10−4 m2 is comparable to the total area of
the petri dish mentioned in Section 2.
By substituting these fiducial values, we obtain Nm ∼
1.7 × 103 microbes. Thus, even if the biomass density
is three orders of magnitude smaller than the value cal-
culated here, it seems conceivable that each Category 1
probe may stumble across a Venusian microbe.
3.2. Category 2 probes
The mass of the Category 2 probe is larger than that
of Category 1 because the former is equipped with the
MS to carry out Objective 3. We adopt the tandem
MS that was described in Section 2 for our purposes.
As with the Category 1 probes, the analysis of various
subsystems is undertaken in Appendix A.2. Based on
these estimates, we calculate a mass of Mt2 ∼ 16.1 kg
for the Category 2 probe, which is nearly an order of
magnitude higher than the Category 1 probes.
As indicated in Appendix A.2, we have posited a data
rate that is about 5 times higher at ∼ 5× 103 bps; note
that this value is about an order of magnitude removed
from the data rates associated with much larger missions
4Figure 1. Schematic illustration of the balloon with payload near the Venusian cloud decks (Image credit: Adrian Mann)
such as Cassini.3 This choice of the bit rate implies that
the total amount of data transmitted to Earth is ∼ 108
MB. If we consider the camera specifications for VIPIR,
a total of ∼ 715 images could be sent back to Earth. In
this case, however, it is essential to recognize that the
MS data does not comprise images as such.
4. MISSION STAGES
To implement the mission, it is necessary to identify
a suitable launcher for transporting our entry vehicle,
which will be composed of the Category 1 and Category
2 probes outlined previously.
In terms of technology, we consider existing small
launchers, notably Rocket Lab’s Electron vehicle with
an upper stage, which is theoretically capable of launch-
ing payloads of 68 kg for a Venus flyby mission and a
Venus entry probe with a mass of 37 kg.4 The space-
craft subsystems, for the most part, need to consist of
off-the-shelf and commercial-off-the-shelf technologies in
order to decrease development duration. The mission
3 https://solarsystem.nasa.gov/news/12976/
cassinis-largest-science-instrument/
4 https://www.space.com/rocket-lab-venus-life-hunting-mission.
html
sequence consists of launch and Earth escape, Venus
arrival, direct atmospheric entry and descent, balloon
deployment, and continued balloon operations until the
onset of balloon failure. In contrast to previous studies,
we opt for direct atmospheric entry. Previous studies
have opted for prior orbit insertion, as it facilitates or-
biter deployment (van den Berg et al. 2006).
We have discussed balloon deployment and operations
in Section 3 and Appendix A. We will not address the
launch and Earth escape, because these standard prob-
lems have been widely investigated in the literature.
Figure 2 shows the range of Venus entry velocities as a
function of launch date and flight duration. The plot was
generated via the Optimum Interplanetary Trajectory
Software (OITS) (https://github.com/AdamHibberd/
Optimum Interplanetary Trajectory). It adopts the
patched conic assumption, and solves Lamberts problem
for Earth departure and arrival at Venus. The resulting
non-linear global optimization problem with inequality
constraints is solved by applying the NOMAD solver
(Le Digabel 2011).
The lowest perihelion velocity is achievable through
a Hohmann transfer, which yields a v∞ = 2.7 km s−1
at the boundary of the Venusian sphere of influence.
Together with the second Venusian escape velocity and
the vis-viva equation v =
√
v2∞ + v2esc, where vesc is the
5Figure 2. Porkchop plots for encounter velocities at Venus from Earth in km s−1. An ideal mission would have both a short
transfer time and low entry velocity. Such missions are possible every synodic period (∼584 days) with the next such launch
opportunity arising at the end of 2021.
Table 1. Breakdown of mass requirements for various subsystems
Subsystem Mass (in kg) Notes
Category 2 scientific instruments 3.2 Section 2
Category 2 gondola 8.3 Appendix A.2
Category 2 balloon mass 4.6 Appendix A.2
Total Category 2 probe mass 16.1 Summation of above three components
Category 1 scientific instruments 0.1 Section 2
Category 1 gondola 1.1 Appendix A.1
Category 1 balloon mass 0.5 Appendix A.1
Total Category 2 probe mass 1.7 Summation of above three components
Total mass of all Category 2 probes 8.5 5 probes of this type
Total mass of all probes 24.6 Sum of Category 1 and 2 balloons
Entry and descent system 12.3 Section 4
Total mass entry vehicle without margin 36.9 Sum of all probes and entry/descent system
Total mass entry vehicle with 30% margin 48.0 Previous entry multiplied by a factor of 1.3
Additional notes: The “gondola” is assumed to comprise of the relevant subsystems such as power, communications
and harness. The “balloon mass’ includes the mass of the fuel, balloon fabric, and the attached parachute. Whenever
a particular Section or Appendix is listed, the rationale for the mass specification is explained therein.
6second escape velocity of Venus, one obtains v = 10.7
km s−1 as the minimum velocity for direct Venus at-
mospheric entry from interplanetary space. This entry
velocity is higher than the entry velocity of 8 km s−1
from the International Space Station (ISS), which ne-
cessitates the dissipation of ∼ 80% higher kinetic energy
during entry, and is similar to entry conditions into the
Earth atmosphere from the Moon.
We rely on proven reentry technology, such as the
scaled-up version of the Reentry Breakup Recorder
(REBR), which is one of the smallest proven Earth reen-
try capsules to date with a total mass of 4 kg (Weaver
& Ailor 2012; Feistel et al. 2013); it has been utilized
for reentry from the ISS.5 Due to similarities in the at-
mospheric entry conditions on Earth and Venus, the
technology should be adaptable to Venus entry by in-
corporating a proportionally larger heatshield. If there
are n1 probes of Category 1 and n2 probes of Cate-
gory 2, the total payload mass for this reentry probe is
Mt = n1Mt1 + n2Mt2. In what follows, we work with
n2 = 1 because of the higher mass associated with Cat-
egory 2 probes, but we remark that this assumption can
be easily relaxed. There is, however, a crucial missing
component - heat shields. They comprise a sizable frac-
tion of the mass of the entry vehicle. Other components,
such as the balloons release mechanism, are anticipated
to involve lower mass constraints.
The exact mass of the shields varies quite significantly
depending on atmospheric properties, reentry velocities,
and many others. The ratio of the heat shields to that
of the reentry vehicle mass is ∼ 0.1-0.5 (Ball et al. 2007,
their Table 3.5). We will err on the side of caution and
presume that the total mass of the reentry vehicle (Mv),
which also encompasses shields, scales linearly with Mt
(see Hirschel & Weiland 2009) and entails a conversion
factor of ζ ≈ 1.5, to wit, we have Mv ∼ ζMt. If we
select Mv ≈ 37 kg, we find Mt ∼ 24.7 kg and n1 ∼ 5. In
contrast, if we choose a higher vehicle mass of Mv ∼ 68
kg, we arrive at Mt ∼ 45.3 kg and n1 ∼ 17.
It is possible to carry out a consistency check in the
following fashion. Let us suppose that we consider
Mt ∼ 24.7 kg. We consider an entry velocity range of
10.7 − 12 km s−1 and assume deceleration to 0 m s−1.
After including the potential energy of the vehicle, us-
ing Phenolic Impregnated Carbon Ablators (PICA) as
the heat shield material with an enthalpy of ablation
0.233 GJ kg−1,6 and selecting a ∼ 20% safety factor for
the heat shield, we determine that the mass of the heat
shield required ranges from 11.2 kg to 14 kg for entry
speeds between 10.7 km s−1 and 12 km s−1, respectively.
If we add this heat shield mass to Mt, we notice that
5 https://www.nasa.gov/mission pages/station/research/news/
rebr.html
6 https://ntrs.nasa.gov/citations/19970017002
the total mass is either below or close to the stipulated
vehicle mass of Mv ∼ 37 kg as desired.
However, in the above calculations, we did not incor-
porate a mass margin, which is generally standard prac-
tice. If we select an approximate mass margin of 30%,
then the relationship between Mv and Mt is transformed
into Mv ∼ κζMt, where we have κ ≈ 1.3. By repeating
the calculation for Mv ≈ 37 kg, we obtain Mt ∼ 19 kg
and n1 ∼ 2. On the other hand, for Mv ∼ 68 kg, we end
up with Mt ∼ 34.9 kg and n1 ∼ 11.
Hence, there are a couple of broad takeaways from
the preceding estimates. In the event that the reentry
vehicle mass is constrained to be 37 kg, it is impossible
to have many Category 1 probes unless one sacrifices the
mass margin; in this case, a five-fold redundancy in the
Category 1 probes would seem feasible. On the other
hand, if the launcher can transport a vehicle of mass 68
kg to Venus, the mission might permit > 10 Category
1 probes even with a comfortable mass margin of 30%,
thereby allowing for enhanced redundancy.
5. DISCUSSION
The reported detection of phosphine in the Venu-
sian atmosphere has reignited interest in sending life-
detection missions to Venus. Motivated by the rapid
growth of technology in the realm of small spacecraft
such as Cubesats (Selva & Krejci 2012; Poghosyan &
Golkar 2017), we have developed a potential template
for precursor missions to Venus with the aim of search-
ing for life in the Venusian lower cloud decks.
This paper demonstrated that a low-mass, low-cost
precursor vehicle with the purpose of exploring the
Venusian cloud layers of interest to astrobiology could
be constructed and launched within the next 2-3 years
at a budget of < 20 M$ and mass of ∼ 40-50 kg, as
elucidated in Tables 1 and 2. This cost range has the
benefit of placing this mission within reach of private ini-
tiatives. Furthermore, we based our analysis on existing
technologies such as the Electron launcher, off-the-shelf
technologies for the various subsystems (e.g., balloons
and communications), and upscaled REBR technology
for the entry and descent system. We also incorporated
some degree of redundancy in the mission by allowing for
the existence of multiple probes. Lastly, the proposed
mission might be able to collect data of significant astro-
biological interest by way of measuring the composition
of dust and aerosol particles via the mass spectrometer,
µm-scale structures via the microscope, and potential
macroscopic biogenic structures via cameras.
In closing, we emphasize that our mission should be
viewed in the spirit of a preliminary template and fore-
runner for more comprehensive studies; our proposal is
therefore not the only available route. For instance,
the mission can be duly scaled upward or downward in
terms of mass and power, and the choice of instrumen-
tation for the scientific payloads is also flexible because
one can swap the designated instruments on some of the
7Table 2. Breakdown of costs involved in the precursor mission
System Cost in M$ Notes
Launcher cost 10 Baseline launcher plus upper stage cost; estimate in Section B
Probe cost 2.4-9.6 Cost range of 50 - 200 k$/kg (Wertz & Larson 1999, pg. 808); estimate in Section B
Total cost 12.4-19.6 Sum of the above two costs
probes with others of similar mass and power without
altering our conclusions; by doing so, the architecture
may permit a broader spectrum of scientific objectives -
extending beyond astrobiology into various domains of
planetary science - to be fulfilled. Hence, future work
geared toward conceptualizing such a mission, including
in-depth subsystem-level designs, is warranted.
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9APPENDIX
A. MASSES OF CATEGORY 1 AND CATEGORY 2 PROBES
Here, we describe the rationale underlying the masses of the Category 1 and Category 2 probes.
A.1. Mass of Category 1 probes
It was noted earlier in Section 2 that the scientific instruments may entail mass and power requirements of Ms1 ∼ 0.1
kg and Ps1 ∼ 1 W, respectively. There are, however, many other subsystems that come into play, of which we shall
discuss only the most salient ones.
We first consider the crucial issue of communications. In Ball et al. (2007, their Table 10.4), the data rate received at
Earth by a 32 m radio telescope is ∼ 10 bps, after assuming a Pc1 ∼ 5 W transmitter operating at 2.3 GHz. However,
in this scenario, a conservative transmitter gain of unity was adopted. However, the high-gain antenna developed in
the context of the Mars Cube One Cubesat mission was capable of a gain of ∼ 103 (Hodges et al. 2017). Even if we
choose a lower transmitter gain of ∼ 100, we obtain a data rate of ∼ 103 bps. A major advantage of the antenna
described in Hodges et al. (2017) is that it can fit into a Cubesat and has a mass of < 1 kg. As the antenna we outlined
has smaller gain and size footprint, we adopt a fiducial mass of Mc1 ∼ 0.5 kg.
There are two alternative possibilities that deserve to be explicated here. In the first, the larger balloon (i.e., the
Category 2 probe) acts as a relay, whereby the data is transmitted by Category 1 probes to Earth. In the second
scenario, an opportunistic data link to an orbiter or flyby probe is set up. For example, India has tentatively scheduled
the launch of the Shukrayaan-1 spacecraft to Venus in 2023. On the one hand, opportunistic links could permit data
rates several orders of magnitude higher than for a direct link. On the other hand, a significant disadvantage that
arises is the limited line of sight to the orbiter.
It might be desirable to use supercapacitors in lieu of conventional batteries, but further research is needed to
substantiate this option. In comparison to lithium-ion batteries, they have higher specific power and lower specific
energy (Horn et al. 2019). Thus, they are suitable for miniaturized devices and relatively short term missions with
high, albeit intermittent, power demands. Graphene-based supercapacitors with dimensions of 10 mm × 17 mm and
thickness of order 0.1 mm are already available (Djuric et al. 2017).
Next, we turn our attention to the power required for the scientific instruments and and the communications link.
We have seen that a total power of Pt1 ∼ Ps1 +Pc1 is required, based on which a total power of Pt1 ∼ 6 W is adopted.
If we wish to deploy these two subsystems over a time ∆t (in hours), the energy expenditure is Pt1∆t. For a specific
energy of E ≈ 500 W hr kg−1, which is smaller than state-of-the-art experimental technologies by a factor of > 5
(Kim et al. 2019), the mass required to furnish this power for this balloon is Mb1 ≈ Pt1∆t/E . If we specify a mission
duration of ∆t ∼ 48 h, we have Mb1 ∼ 0.6 kg. However, this might represent an upper bound in some respects because
it assumes that all of the subsystems are continuously functional.
The power can be extracted from solar energy instead. Solar flux values within the Venus atmosphere were sum-
marized in Titov et al. (2007), by using data from the pioneer-Venus LSFR experiment spectrophotometers on board
the Venera 11, 13, 14 landers. At an altitude of 60 km, solar flux values range from 400-1000 W m−2. At 50 km,
the range is between 200-400 W m−2. Using state-of-the-art solar cells with a conversion efficiency of 30%, we get an
area-specific power of 67-333 W m−2. A collection area of ∼ 1 m2 would therefore yield & 100 W and necessitate a
mass of a few kg.7 While the use of solar panels is cheaper in terms of mass, their usefulness will diminish as the probes
are swept away at horizontal speeds of ∼ 100 m/s due to Venus’ superrotating atmosphere. In principle, a combination
of battery and solar power is probably ideal, but we will not explicate such hybrid designs in this prefatory paper.
Thus, the total mass of the payload is Mp1 ∼ 1.2 kg after summation of the prior masses. The payload is connected
to the balloon by means of an appropriate harness structure. The mass of the suspension system is typically negligible
because it constitutes . 10% of the total payload mass for some past missions (Ball et al. 2007, their Tables 23.1 and
26.1); see also van den Berg et al. (2006). We will proceed with this apparently reasonable premise hereafter, given
that the mission takes place in the Venusian cloud layer, whose conditions resemble those of Earth’s atmosphere near
the surface in many respects.
We select a light gas, zero-pressure balloon, by virtue of the simplicity of the design. Adjustments to ambient
pressures are made via a vent. Although this limits the overall life time of the balloon, we deliberately opt for a
simpler design for reducing complexity. In actuality, the Venusian atmosphere is beset by a number of drawbacks such
as the corrosive effects of sulfuric acid, high wind speeds and pressures at lower altitudes. However, superpressure
7 https://www.nasa.gov/smallsat-institute/sst-soa/power
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balloon prototypes have been constructed to bypass these issues, thus enabling survival on timescales of several days
(Hall et al. 2008). For these balloons, the ratio of balloon mass to payload mass is approximately 0.38 (Hall et al.
2008), which is nearly identical to the conversion factor of ∼ 0.3 for the loaded balloons including fuel (Ball et al. 2007,
their Table 6.2).
The Category 1 probes are deployed from an entry vehicle that is endowed with the requisite thermal shielding, as
will be discussed later. However, as the Category 1 probes will nonetheless enter at speeds of ∼ 10 km s−1, achieving a
terminal velocity of < 10 m/s is advisable. This reduction can be effectuated by means of a parachute. For a probe of
mass ∼ 1 kg, the diameter of the parachute can be computed by invoking Ball et al. (2007, Equation 4.1), which yields
∼ 1 m.8 Despite their large cross-sectional area, the mass of a parachute is very small. For instance, a parachute of
∼ 1 m diameter might possess a mass as low as ∼ 0.1 kg.9 Thus, based on the above considerations, a scaling factor
of  = 1.4 is introduced to convert the total payload mass to the total mass Mt1 of the Category 1 probe; from this
linear scaling, we obtain Mt1 ∼ Mp1 ∼ 1.7 kg.
A.2. Mass of Category 2 probes
The mass and power of the scientific instruments is dominated by the tandem MS, which is taken to necessitate
Ms2 ∼ 3.2 kg and Ps2 ∼ 35 W, respectively. Alternative designs are capable of reducing the power requirements to
an extent, but may run the risk of losing the stipulated sensitivity. Even if other instruments accompanying the the
Category 1 probe are incorporated herein, the mass is only weakly affected. The same also applies to the inclusion
of auxiliary devices such as low-mass quadcopters with masses of . 0.1 kg. We will now investigate the various
subsystems in the same vein as Appendix A.1.
For the communications link, we take inspiration from the fact that the Category 2 probe will be more massive than
the Category 1 probe by almost an order of magnitude due to the heavier scientific payload. Thus, we scale the mass
and power of the communications system by a factor of ∼ 5 relative to the Category 1 probe. In other words, by
employing Appendix A.1, we select Pc1 ∼ 25 W and Mc1 ∼ 2.5 kg; here we have suppose that the transmitter mass
scales linearly with the power. In this case, we note that, ceteris paribus, the data rate is raised to ∼ 5× 103 bps.
The power required by the Category 2 probe is Pt2 ∼ Ps2 + Pc2 ∼ 60 W. Under the assumption that the battery
technology in Appendix A.1 can be scaled to higher masses, we are in a position to deploy Mb2 ≈ Pt2∆t/E . By
substituting the appropriate values into this formula, we obtain Mb2 ∼ 5.8 kg. Note that this battery mass embodies
an upper bound because all subsystems were taken to be continuously operative.
The total payload mass for this probe consequently adds up to Mp2 ∼ 11.5 kg. Following the same line of reasoning
described in Appendix A.1, the mass of the harness is neglected. In order to account for the additional mass contributed
by the balloon, fuel and the parachute, we utilize the factor  introduced earlier. Thus, from this scaling, the total
mass Mt2 of the Category 2 probe is given by Mt2 ∼ Mp2 ∼ 16.1 kg.
B. PROGRAMMATICS: COST AND SCHEDULE
We use a simple cost and schedule model to get ballpark estimates for the proposed life-detection mission. The first
item that we tackle is the cost of the launcher. The cost of one Electron launch vehicle with upper stage is about 10
M$, of which 6 M$ is the baseline cost vehicle;10 other sources point toward an even lower baseline cost of 5 M$.11
We have therefore added 4-5 M$ as a rough estimate for the cost incurred by the upper stage and other components.
In order to gauge the development cost for the probe, including the entry and decent vehicle and balloons, we select
a specific cost of 50-200 k$/kg, which corresponds to the range of values provided in Wertz & Larson (1999, pg. 808).
Our choice may represent a conservative one because some of the developmental costs have decreased over time. For
a mass budget of 48 kg delineated in Table 1, the development cost amounts to 2.4-9.6 M$. The final cost values are
tabulated in Table 2. The total cost of < 20 M$ would permit financing this precursor mission via private investors.
If one assumes typical privately developed small spacecraft - such as the Electron launch vehicle discussed earlier
- and is reliant on off-the-shelf technology, a development duration of 2-3 years is realistic prima facie, which would
permit a launch in the 2022-2023 timeframe.
8 https://apogeerockets.com/education/downloads/
Newsletter149.pdf
9 https://www.highaltitudescience.com/products/
0-9-m-parachute
10 https://www.sciencemag.org/news/2017/12/
rocket-lab-poised-provide-dedicated-launcher-cubesat-science
11 https://directory.eoportal.org/web/eoportal/satellite-missions/
e/electron
